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Investigations into the nature of the large structures in a two-dimensional shear layer were carried out using 
laser Doppler velocimetry in the GALCIT free-surface water tunnel. By simultaneous measurements of velocity 
at two points outside the turbulent region, above and below the shear layer, it was possible to measure the 
strength (total circulation) and location of the vorticity center of the large structures. It was found that structures 
not in the process of pairing convect downstream with the center of their cores close to the ray y/x along which 
the mean velocity is given by Um = lh(U1 + U1 ) . The determined value of the mean circulation is consistent with 
the independent measurements of the mean spacing between the structures. Results indicate that if the large 
structure vorticity distribution is elliptical, the inclination angle of its axis of symmetry with respect to the now 
direction is small. 
I. Introduction 
I N a recent experiment, 1 the induced stream wise velocity fluctuations due to the passage of vortical structures in a 
two-dimensional shear layer were measured at a point just 
outside the mixing layer. Such a velocity record, however, (see 
Fig . 1), provides ambiguous information about the strengths 
and the core positions of the vortical structures, since the 
induced velocity due to the passage of a strong vortex far 
from the measuring station is indistinguishable from that due 
to a weaker vortex passing close to the measuring station. 
To resolve this ambiguity, simultaneous measurements at 
two points were performed, above and below the shear layer, 
to allow the circulation {strength) and core position of the 
vortical structures to be determined. 
II. Apparatus, Instrumentation, and Data Processing 
A. Apparatus and the Resulting Flowfield 
The flow apparatus and the resulting shear layer have been 
documented in Ref. 1. From the measured mean velocity 
profiles (U2 !U1 ==0.19), the vorticity (maximum slope) 
thickness o..,, normalized with the distance downstream from 
the splitter plate x, was found to be 
o..,lx==O.JO (l) 
The data presented in this paper were taken at x = 30 em 
with U1 = 56 cm/ s. These parameters yield a Reynolds 
number, defined by flUo..,IP, of 1.4 x 104 at the measuring 
location, where flU is the velocity difference across the mixing 
layer . Note that the shear layer is fully turbulent at this 
Reynolds number. 
B. LDV Optics and Electronics 
The stream wise component of velocity was measured at the 
two points by a single-particle laser Doppler velocimeter 
(LDV) in the dual scatter mode. The two pairs of beams were 
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generated by passing the laser beam through two cube beam-
splitters at right angles (Fig. 2). The two focal volumes 
(measuring stations) were located at the high- and low-speed 
edges of the mixing layer, respectively (see Fig. 3). 
The outputs of the two photodetectors were time-
multiplexed at the input of a single LDV processor_ The 
processor has been described in Ref. 1. 
C. Data Processing 
The velocity data were low-pass filtered digitally according 
to the algorithm 
(2a) 
n 
{2b) 
where his the (normalized) filter function , U is the unfiltered, 
randomly sampled velocity data, 
{2a) 
n 
(2b) 
where his the (normalized) filter function, U is the unfiltered, 
randomly sampled velocity data, and Dis the filtered velocity 
data. The summation over n is such that - T1 ::5tm -In ::5 T1 , 
where 2T1 is the total width of the filter h (I). 
A Gaussian, low-pass fil ter was used. The filtered data were 
sampled uniformly (see Fig. 4) . 
III. Data Reduction 
A. Model 
Recent measurements I .{; have shown that the two-
dimensional shear layer is characterized by an array of large 
vortical structures , which are convected downstream with a 
velocity Uc, approximately given by Uc == !1 ( U 1 + U2 ) . Now, 
in a frame moving with Uc, the induced velocities uH, uL , at 
the points (x,b) and (x, - b). respectively, when the center of 
vorticity of a particular structure is at (x,c), are given by 
r 61 
UH=- - -
21r b - e 
(3a) 
{3b) 
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2 3 
fig. 3 Schematic diagram of the mixing layer. (The two filled dots 
denote the measurement locations.) 
where r is the total circulation of the vortical structure. Note 
that r is defined to be positive for an induced velocity in the 
clockwise sense. Note also that the absolute values of the 
induced velocities reach a maximum at the instant the center 
of vorticity is on the line joining the measuring points. In this 
model, the effect of neighboring structures is neglected. It can 
be shown, however, that the resulting overestimation of the 
circulation r is of the same order as the underestimation of r 
caused by neglecting the expected higher moments 
(quadrupole moment) of the vorticity distribution. The effect 
of the quadrupole moment was estimated using the data in 
Fig. 6a of Ref. 2. 
Using this model , an isolated, well-defined local maximum 
in the velocity measured on the high-speed side, associated 
with a corresponding well-defined local minimum on the low-
speed side, was interpreted as the signature of the passage of a 
single vortical structure not in the process of pairing. If ad-
ditional significant disturbances were discernible in the 
maximum-minimum pair (interpreted as resulting from the 
presence of additional vortical structures), the pair was not 
included in the data. By way of example, only the data at 
1=0.65, 0.98, 1.33, 1.65, 2.35, 2.63, and 3.35 s in Fig. 5 were 
considered. 
t. sec 4 
Photodiodn 
fig. I Velocity record taken at a mean high-speed 
freest ream velocity of U1 =56 cm/ s. 
fig. 2 LDV dual-scatter optical geometry (not to 
scale). 
The maximum induced velocity on the high-speed side and 
the corresponding minimum on the low-speed side were used 
in Eqs. (3) to compute the position of the vortex center c and 
total circulation r of each vorticaJ structure . The results for 
350 structures are presented in histogram form in Figs. 6 and 
7. 
B. Cross Correlation and Autocorrelation functions 
The correlation functions of u;,=uH-uH and u/_=uL -
u L, the velocity fluctuations on the high- and low-speed sides, 
respectively, were computed from the filtered data by means 
of the equations 
J M 
RHdr)= ME u;,(tm) u[_(tm+r) 
m:/ 
(4a) 
I M 
RHH(r) = ME u;,(tm )u;,(tm+r) 
m=l 
(4b) 
J M 
RLL(r) = ME u/_(tm)ui.(tm+r) 
m : / 
(4c) 
where, for each time shift r, M is the largest index, such that 
IM+r~T, T being the record length. The results, averaged 
over 30 records, are plotted in Figs. 8 and 9. The smooth 
curves through the data points have been drawn to aid the eye. 
IV. Results and Discussion 
The mean core position (Fig. 6) is slightly below (i.e., on the 
low-speed side) the ray c=O, on which Um=Yl(U1 +U1 ). 
The small dispersion in the histogram indicates that structures 
not in the process of pairing convect downstream with their 
cores closely spaced about a single ray. 
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fig. 5 Simultaneous velocity records at the 
high- and low-speed edges of the shear layer. 
The mean circulation t (Fig. 7), normalized by the product 
b..,AU, is given by 
(5) 
where AU= U1 - U2 is the velocity difference across the shear 
layer. Note that from the boundary condition 
f !f=AU (6) 
and from Eq. (5) we estimate f, the spacing between struc-
tures, to be 
e/o,.., =3.9 (7) 
This result is consistent with earlier independent 
measurements of this ratio. 1•4 It should be mentioned that , 
strictly speaking, the bound~ condition given by Eq . (6) 
should be written instead as (r /f) =AU. The use of the ratio 
of the mean quantities is justified a posteriori in this case, 
since the distribution of r is narrowly peaked about its mean 
value (see Fig. 7). 
I' 2 3 t,sec 4 
Crosscorrelation and Autocorrelation Results 
Results of other investigators 2•4•5 suggest that the vortical 
structures in a mixing layer are, by and large, cylinders of 
elliptical cross section whose major axes may be inclined with 
respect to the streamwise direction (see Fig. 3). If the angle of 
inclination is positive, the velocity on the high-speed side will 
reach its maximum before the low-speed side velocity reaches 
its minimum. This would cause the minimum of the 
crosscorrelation fu nction of the high- and low-speed velocity 
fluctuations to occur at the positive time shift. It should be 
noted, however, that the minimum of the crosscorrelation 
function has occurred at a negative time shift (see Fig. 9). We 
believe that pairing is responsible for this result. 
In pairing, neighboring vortices rotate around each other 
and coalesce to form a larger one. Using Fig. 3 of Ref. 5, a 
schematic diagram of this process and the resulting induced 
velocity fluctuations are sketched on Fig. 10. It can be seen 
that, in the process of pairing, a pair of vortices taken 
together can be assigned an effective negative angle of in-
clination. 
The pairing process also affects the autocorrelation func-
tions of the velocities on each side of the mixing layer (Fig. 8) . 
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The autocorrelation function of the high-speed side data gives 
a smaller characteristic time, rH, (twice the time to the first 
minimum) than that for the low-speed side (i.e., rL). This 
becomes clear when one considers the fact that, in the process 
of pairing, the vortex on the high-speed side must be ac-
celerating, while the vortex on the low-speed side is 
decelerating. Note that this is consistent with the results of 
Ref. 7. It should also be noted that the data support the 
relation 
(8) 
where r HL is the characteristic time determined from the 
crosscorrelation function (twice the time interval between the 
minimum and maximum). 
If we use the characteristic time rHL derived from the 
crosscorrelation function as a measure of the mean time 
between the passage of the large structures, the mean spacing 
would then be given by 
where, from the crosscorrelation function, we have 
Combining Eqs. (1, 9, and 10) yields 
{tow ==4.0 
(9) 
(10) 
(II) 
Note that the independent estimates of f/o.,, as given by Eqs. 
(7) and (II), are consistent. 
Direct examination of the velocity records shows that the 
maximum velocity on the high-speed side and the minimum 
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Fig. 9 Cross-correlation function of high- and low-speed velocities. 
Fig. 10 Schematic diagram of two vortices in the process of pairing 
and the resulting induced velocity fluctuations. 
.velocity of the low-speed side, corresponding to the passage of 
a single structure, occur at the same time, within the accuracy 
of the present measurements. Note the time markers on Fig. 
5. This indicates that if the vorticity distribution is elliptical, 
the inclination angle is small. This is consistent with the 
findings of the stability analysis by Moore and Saffman. 8 
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V. Conclusion 
Simultaneous records of the streamwise component of 
velocity at the high- and low-speed edges of the mixing layer 
were used to calculate the core position and strengths (cir-
culation) of the vertical structures. It was found that an 
isolated structure (not in the process of pairing) travels with 
the center of its core very close to the ray y/x on which the 
mean velocity is U m = 0 ( U1 + U2 ) and has a mean cir-
culation given by f'io..,A.U==<3.9. The small dispersion about 
the mean of the distributions of core position and circulation 
is noteworthy. 
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